Abstract: Bioactive glasses (BAGs) are highly interesting materials for bone regeneration applications in orthopedic and dental defects. It is quite well known that ionic release from BAGs influences cell behavior and function. Mindful of the clinical scenario, we hypothesized that local cell populations might additionally physically interact with the implanted BAG particles and respond differently than to just the ionic stimuli. We therefore studied the biological effect of two BAG types (45S5 and 1393) applied to human mesenchymal stromal cells (hMSCs) in three distinct presentation modes: (a) direct contact; and to dissolution products in (b) 2D, and (c) 3D culture. We furthermore investigated how the dose-dependence of these BAG particles, in concentrations ranging from 0.1 to 2.5 w/v %, influenced hMSC metabolic activity, proliferation, and cell spreading. These cellular functions were significantly hampered when hMSCs were exposed to high concentrations of either glasses, but the effects were more pronounced in the 45S5 groups and when the cells were in direct contact with the BAGs. Furthermore the biological effect of 1393 BAG outperformed that of 45S5 BAG in all tested presentation modes. These outcomes highlight the importance of investigating cell-BAG interactions in experimental set-ups that recapitulate host cell interactions with BAG particles.
INTRODUCTION
With the discovery of 45S5 Bioglass V R (45 SiO 2 -24.5 CaO-24.5 Na 2 O-6 P 2 O 5 in wt. %) a new class of bioactive ceramic materials was created, characterized by their ability to form a strong and stable chemical bond with bone tissue. 1 Bioactive glasses (BAGs) have since attracted immense interest in the field of tissue engineering because of their demonstrated osteoconductive (stimulation of bone growth along its surface) and osteostimulatory (activation of osteoprogenitor cells in the bone environment) properties. 2 Additionally, BAGs facilitate the formation of a carbonated hydroxyapatite layer on their surface when exposed to biological fluids, and resorb over time. 3 Various in vivo studies have reported on the stimulatory effects of BAGs on bone healing-ranging from the regeneration of cranial defects in pre-clinical models 4 to the successful treatment of challenging bone defects in humans. 5 Since the earlier studies performed by Xynos et al. 6 numerous reports have highlighted the important role of ionic dissolution products of BAGs in the induction of genes relevant to cellular function, particularly those responsible for osteoblast metabolism, bone homeostasis, and angiogenesis. [7] [8] [9] [10] Thus, various types of BAGs have been developed with tailored chemical compositions and fine-tuned ion release kinetics to harness distinct biological processes. 11, 12 This has opened a whole new exciting field of research of cell stimulation by synthetic materials without the need for organic growth factors. 13 Furthermore, mesoporous silica based glasses can be produced as micron and submicron sized SiO 2 -CaO or SiO 2 -CaO-P 2 O 5 particles for the storage of signaling molecules and their localized release at the implantation site. 14 The design of bioactive glass structures with nano to micro scale dimensions results in an increase in the glasses' bioactivity and enables the loading of therapeutic biomolecules to further stimulate the tissue regeneration process. 15, 16 Today, different classes of silicate BAGs are available on the market for clinical applications such as NovaBone, Biogran V R and Perioglas which are based on the 45S5 Bioglass V R composition. Also, BonAlive V R (S53P4: 53 SiO 2 -20 CaO-23 Na 2 O-4 P 2 O 5 in wt. %) is a medical grade bioactive glass in clinical use, just as Cerabone-AW V R which is an apatite-wollastonite glass-ceramic composed of a mixture of SiO 2 -CaO -B 2 O 3 and SiO 2 -CaOMgO -CaF -P 2 O 5 glasses. 5, 13 In the clinic, BAGs are mainly applied in particulate form with a size of 90 to 1000 mm, and incorporated in bone defects as stacked particulates or putties. Lower micron to submicron-sized bioactive glass particles are an attractive alternative to the currently clinically implanted micron to millimeter sized granules, as their smaller size results in a higher specific surface area (bioactivity) and makes them well-suited for injection into bone defects or incorporation into composite scaffolds. [15] [16] [17] Much of the pre-clinical research with BAGs has been carried out using large porous bioactive glass scaffolds, either in pure sintered form, or more frequently as polymer-ceramic composites. 18, 19 Sintered bioactive glass scaffolds are brittle in nature, 20 and may break down into smaller particles and debris in response to wear, articulation, or mechanical loads experienced in vivo. 21, 22 Due to increased bioactivity with higher surface-to-volume ratios, BAGs have increasingly been used in particulate form either directly applied to defect sites or combined with polymers to create bioactive composites. Composite scaffolds, such as those created using 3D printing or polymer-filler blending techniques, typically consist of BAG particles homogenously distributed within a polymer matrix. 17, 23 The biodegradable nature of these materials raises the likelihood of fine BAG particles being released in vivo, potentiating the need to investigate the cellular response to such BAG particles. 16 To date, there is a lack of studies that use clinically relevant human mesenchymal stromal cell (hMSC) to investigate the influence of micron-sized (monodispersed) bioactive glass particles and their ionic dissolution products on cell behavior. This is especially relevant nowadays because of the ever increasing applications of degradable BAGs and their compositional variants in biological settings intending to regenerate bone and soft tissue defects. 24 The aim of this study was to evaluate the effects of two types of BAGs in different presentation modes on hMSC behavior. Due to their widespread use in marketed medical devices, and wide use in tissue engineering studies, 45S5 and 1393 (53 SiO 2 -20 CaO-6 Na 2 O-4 P 2 O 5 -12 K 2 O-5 MgO in wt. %) bioactive glass particles were tested. Both have a track record of stimulating in vitro and in vivo osteogenesis. 4, 25 However, there is only limited previous work in which the biological activity of the two BAGs has been directly compared. In this study, we assessed hMSC metabolic activity, cell spreading, and proliferation capacity when cultured for up to 1 week in direct contact with BAG particles, and compared this to cells exposed to only the BAG dissolution products. Furthermore, we studied the interaction of BAG particles with hydrogel encapsulated hMSCs, thereby providing insights that may be highly relevant for 3D tissue engineering strategies. It is known how ion release influences cell behavior and function, but we hypothesized that local cell populations might additionally physically interact with the implanted BAG particles and respond differently than to mere ionic stimuli. From a clinical translational perspective it would be equally beneficial to investigate the effects of direct physical interactions between BAGs and hMSCs, and with hMSCs cultured in 3D environments. This is the first study to look in-depth in a comparative matter into the cellular behavior of primary hMSCs exposed directly and indirectly to lower micron-sized bioactive glass particles.
MATERIALS AND METHODS
Bioactive glass particles 45S5 BAG particles were obtained from Schott Glass AG (Mainz, Germany), while 1393 BAG particles were obtained by fabricating the bioglass as previously described in, 26 and subsequently crushing and sieving to obtain microparticles.
Cell culture-2D
Human MSCs were isolated from washouts of the femoral bone marrow of a male patient who underwent hip replacement surgery, and characterized as described previously in. 27 Cells were cultured at 378C in 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium (DMEM, low glucose) (Sigma Aldrich, St. Louis, MO) supplemented with 10 v/v % fetal calf serum (Biochrom AG, Berlin, Germany), 1 v/v % penicillin/ streptomycin (Biochrom), and 1 v/v % GlutaMAX TM (Thermo Fischer Scientific, Waltham, MA). Cells were passaged at 70-80% confluence and passages 3-4 were used for all the experiments. Cells were seeded at a density of 5000 cells/well in a 24-well plate in 0.5 mL expansion medium.
Cell culture-3D Equal amounts of MVG (medium viscosity, high guluronic acid) and LVG (low viscosity, high guluronic acid) ultrapure alginate (Novamatrix, Oslo, Norway) were dissolved in distilled water to a concentration of 1 w/v %, and covalently coupled with the integrin-binding peptide (Gly) 4 -Arg-GlyAsp-Ala-Ser-Ser-Lys-Tyr (Peptide 2.0, Chantilly, VA) at 10 peptide molecules per alginate chain using carbodiimide chemistry, as described previously in. 28 Following dialysis, sterile filtration and freez-drying, the modified alginate was reconstituted in serum-free DMEM overnight and mixed with the cell suspension to yield a homogenous mixture of 2 w/v % alginate containing 1.5 3 10 6 cells/mL. The alginate-cell suspension was extruded through a 30 Gauge needle using a syringe pump (Harvard Apparatus, Holliston, MA) at a constant rate of 0.25 mL/min and collected in a 100 mM CaCl 2 bath with constant stirring. After 10 min of crosslinking, alginate beads were retrieved and washed with DMEM to remove excess calcium. Beads were transferred to a 24 wellplate, 2 beads per well in 0.5 mL expansion medium.
Exposure to bioactive glass
Prior to introduction to the cell culture, 45S5 and 1393 BAG particles were passivated for 24 h in serum free DMEM in a Ion release from BAG microparticles To evaluate ion release from BAG microparticles, supernatants from milli-Q water containing 2.5 w/v % of prepassivated 1393 and 45S5 BAGs were collected at different time points (1, 4, and 7 days). Water was used to avoid background interference of various common ions present in buffered solutions such as phosphate buffered solution (PBS). The supernatants were centrifuged and filtered through a 0.22 mm filter to remove debris. The quantification of dissolved Si, Ca, Na, P, K, and Mg in the collected supernatants was done by inductively coupled plasma optical emission spectroscopy (ICP-OES) using an Optima 8300 (Perkin Elmer, USA). For the ICP-OES analyses, six point calibrations (100, 50, 25, 10, 5, and 1 ppm) were performed for all above mentioned elements by diluting certified standards (1000 mg/L, Carl Roth, Germany).
Evaluation of metabolic activity and cell proliferation
The metabolic activity of the hMSCs was analyzed 1, 4, and 7 days after introduction of the BAG particles to the cell culture using the Alamar Blue assay (Biozol, Echingen, Germany). Briefly, BAG and media were removed and replaced with 0.5 mL Alamar Blue master mix (1:10 dilution in cell expansion media). After 2 h incubation at 378C, 0.1 mL reaction medium from each well was transferred to an opaque 96-well plate and the fluorescence intensity was measured using a spectrophotometer (InfiniteM200Pro, Tecan, M€ annedorf, Switzerland) with excitation at 530 nm and emission detection at 590 nm.
Following metabolic activity analysis the Alamar Blue solution was removed from the cells cultured on tissue culture plastic (TCP), thoroughly rinsed with dPBS, and frozen at 2808C for DNA quantification. The CyQUANT cell proliferation assay kit (Thermo Fischer Scientific) was used to determine the DNA content. Following the manufacturer's instructions, cell cultures were thawed to room temperature and 0.3 mL CyQUANT V R solution was introduced per well and incubated for 5 min. Fluorescence was recorded at an excitation k of 480 nm and an emission k of 520 nm using the spectrophotometer.
For 3D cultured cells, the alginate beads were washed with dPBS and alginate was dissociated in 50 mM EDTA solution for 30 min. Following centrifugation, the obtained cell pellet was resuspended and cell number quantified using a C-Chip hemocytometer (NanoEnTek, Seoul, Korea).
All values for metabolic activity and cell numbers were normalized to the positive control (without bioglass addition) at each evaluation time point.
Cell viability staining
The viability and distribution of MSCs inside the alginate beads were evaluated using a Live/Dead cell staining solution. Briefly, alginate beads were washed with calcium free PBS, and incubated for 10 min at 378C with 0.2 mL cell expansion media containing calcein AM (1:1000) and propidium iodide (1:2500). Encapsulated cells were imaged using an inverted fluorescent microscope (DMI6000B, Leica, Wetzlar, Germany). To quantify cell viability, beads were dissociated by incubation in 50 mM EDTA and the released cells were pelleted, and resuspended in a mixture of calcein AM and propidium iodide. Several images taken from each group were used to quantify the percentage of live and dead cells.
Cell surface area
Cell spreading at 1 and 4 days post-BAG introduction was visualized by staining the actin filaments in the cell body with Alexa Fluor V R 488 Phalloidin (Thermo Fischer Scientific) and the cell nucleus with DAPI (Thermo Fischer Scientific). Cells were fixed in 4% neutral buffered formalin for 10 min, washed, and membrane permeabilized with 0.1 v/v % Triton X-100. The cells were then incubated with the staining solution (DAPI (1:1000) and Phalloidin (1:40)) for 20 min at room temperature. Images of stained cells were taken with an inverted fluorescent microscope. The cell surface area of the hMSCs under the different conditions was quantified using Fiji ImageJ software.
Bioactive glass particle size distribution SEM images were obtained using a Jeol JCM-6000PLUS NeoScope Benchtop SEM (Jeol, Tokyo, Japan) operating at an accelerating voltage of 5 kV, under high vacuum. A magnification of 7503 was used. Using Fiji ImageJ software the average BAG particle diameter was determined. The longest side of at least 170 particulates was measured.
Statistics
Unless otherwise stated, all data are represented as mean 6 SD. All statistical analyses were performed with GraphPad Prism software 7.0 (GraphPad Software Inc., USA), and statistical significance levels were set at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). The Shapiro-Wilk test was used to test for normality. For non-normally distributed data, the MannWhitney U test (2 groups) or the Kruskal-Wallis with Tukey's post-hoc test (>2 groups) was employed. The parametric twotailed Student's t test (2 groups) or one-way ANOVA with Tukey's post-hoc test (>2 groups) was used to compare between the two BAG types at similar concentrations, and the same BAG type at different concentrations, respectively. Detailed information about error bars, sample sizes per group, and statistical analyses employed are included in the figure legends.
RESULTS
In this study, three different experimental setups were employed ( Fig. 1) to investigate how the mode of interaction (2D direct contact, 2D indirect co-culture, and indirect co-culture with 3D encapsulated cells) influenced the biological effects of the 45S5 and 1393 BAG particles on hMSC behavior.
Bioactive glass particle characteristics and ion release SEM images of BAG particle suspensions [ Fig. 2 (a,b) ] were used to quantify the particle size distribution [ Fig. 2(c) ]. The 45S5 BAG particles showed a narrow size distribution with the majority of the particles lying between 3 and 5 mm (mean 5 3.6 6 0.8 mm), whereas most of the 1393 BAG particles had a size range between 3.5 and 5.5 mm (mean 5 4.8 6 1.6 mm), with a maximum of 10 mm. Compositionally well-defined BAGs were used in this study without any additional dopant elements [ Fig. 2(d) ]. When compared with 45S5, 1393 BAG has a higher SiO 2 content and contains the additional network modifiers K 2 O and MgO.
Ion release of Silicon (Si), Magnesium (Mg), Phosphorous (P), Potassium (K), Sodium (Na), and Calcium (Ca) from the BAGs over one week were determined using ICP-OES, and the cumulative release profiles are shown in Figure 3 . Despite the lower compositional concentration of CaO in 1393 BAG, calcium ion release was found to be swifter and in greater concentrations compared to 45S5 BAG microparticles. 45S5 BAGs showed a faster release rate of Na and P ions compared to 1393 BAGs, but the cumulative release of P ions over 7 days was below 20 ppm. No difference in Si ion release concentrations or rates were observed between the two BAG types. A constant release of K and Mg ions from 1393 BAG microparticles was observed over the study duration.
Effect of bioactive glass particles on hMSCs behavior (direct contact)
The metabolic activity of hMSCs was negatively affected by the addition of 45S5 or 1393 glass particles, and correlated inversely with increasing glass concentrations (0.1 w/v %-2.5 w/v %) at each evaluation time point [Fig 4(a) ]. Strikingly, at all observation time points, the metabolic activity of hMSCs was significantly higher when cultured in the presence of higher concentrations (0.5 w/v % and higher) of 1393 glass particles compared with 45S5 particles. For example at days 4 and 7, exposure to 1 w/v % of 45S5 particles reduced hMSC metabolic activity to <1% of the control cultures, whereas the corresponding values for the 1393 group were 30% of the control.
To assess the influence of glass particles on hMSC proliferation over time, the DNA content was quantified using the CyQUANT V R proliferation assay. Similar to metabolic activity, proliferation was negatively influenced by increasing concentrations of 45S5 or 1393 glass particles [Fig 4(b) ]. The addition of either type of bioactive glass did not enhance the proliferation relative to the control; except on day 7, when a significantly increased hMSC proliferation was observed in the presence of 0.1 w/v % 45S5 particles. Despite this overall reduction in cell count, significantly higher cell numbers were detected in all 1393 groups compared to 45S5 groups at similar particle concentrations. Interestingly, we noted that despite being significantly less metabolically active, hMSCs exposed to 2.5 w/v % 45S5 BAG had a significantly higher DNA content on day 1 compared with 1393 BAG. Additionally, low amounts of DNA were detected in groups where hMSCs showed zero metabolic activity for example, after exposure to 1 and 2.5 w/v % of 45S5 particles on days 4 and 7. Therefore, the metabolic activity per cell number was analyzed as a more meaningful read out of the cell's metabolic status [ Fig. 4(c) ]. The data revealed no difference in hMSC metabolic status between 45S5 and 1393 groups at lower BAG concentrations (0.1-0.5 w/v %) at the early time points. However, at higher concentrations, hMSCs had significantly enhanced metabolic status in the presence of 1393 particles compared to 45S5 particles. Increasing the concentration of 45S5 particles had a more pronounced adverse effect on the metabolic status of hMSCs, whereas this was not the case for 1393 particles except at the highest concentration.
To determine whether hMSCs altered their morphology in the presence of BAG particles cell spreading was visualized by phalloidin and DAPI staining and spreading areas were quantified. Qualitatively, cells became less spread, even rounded, with increase in 45S5 concentrations, whereas well-spread cells were detected in the presence of all 1393 concentrations [ Fig. 4(d)] . Quantification of the cell area revealed that at each BAG concentration, hMSCs in the presence of 1393 particles had a significantly higher coverage area compared to cells in the presence of 45S5 particles [Fig 4(e) ]. Strikingly, cell area decreased from 3300 to <100 mm 2 when the concentration of added 45S5 particles increased from 0.1 w/v % to 2.5 w/v %, whereas over the same concentration range of 1393 particles, cell area only marginally changed from 4900 to 4700 mm 2 .
Effect of bioactive glass dissolution products on hMSCs behavior (indirect contact) To investigate whether the negative influence of BAG particles on cell behavior was caused by the physical or ionic interaction between glass particles and the hMSCs, the experiments were extended to BAG delivery via porous transwell inserts in the hMSC cultures. This set-up prevented particle leakage and hence direct BAG-cell contact, but allowed ionic release into the shared culture medium. A reduction in the metabolic activity of hMSCs was evident with increasing BAG concentrations, but it was less pronounced for 1393 release products [ Fig. 5(a) ]. Contrary to what was observed in the direct contact set-up, increasing concentrations of 1393 release products did not negatively influence hMSC metabolic activity. At all tested time points, hMSC metabolic activity remained above 70% of the control in the 1393 BAG groups. Moreover, at higher concentrations (1-2.5 w/v %), hMSC metabolic activity was significantly greater in the presence of 1393 release products compared with 45S5 release products. At these concentrations, the metabolic activity of 2D/TCP cultured hMSCs in indirect contact was higher than when the cells were in physical contact to either of the two BAG compositions (Supporting Information Fig. S1 ). Once again, exposure to ionic release products from either BAGs did not considerably enhance hMSC metabolic activity compared with the control.
Similar trends were observed for cell proliferation [ Fig  5(b) ]. Cell numbers were starkly reduced (by 40%) as the 45S5 BAG concentration was increased from 1 to 2.5 w/v %. This sharp decrease was not observed for hMSCs exposed to 1393 BAG. After 7 days of culture, similar cell numbers were observed in all wells irrespective of 1393 BAG concentration.
At the two highest concentrations (1-2.5 w/v %), significantly greater cell numbers were detected in the 1393 groups compared with the 45S5 groups.
Quantification of the metabolic activity per cell number revealed counter-intuitive results, especially at the day 7 time point [ Fig. 5(c) ]. Contrary to the results of the direct contact setup, indirect co-culture did not negatively influence the metabolic status of hMSCs, even at higher concentrations. At days 1 and 4, no differences in metabolic status existed between hMSCs that were exposed to 45S5 or 1393 release products. After 7 days of co-culture, the metabolic status of hMSCs in all BAG groups was significantly higher than the nonsupplemented control, and cells were significantly more metabolically active in the presence of 45S5 BAG compared to 1393 BAG.
Fluorescent images indicated that hMSCs were well spread with prominent actin fibers in all groups, except at Effect of bioactive glass dissolution products on hydrogel encapsulated hMSCs (indirect 3D) Next, we investigated the effects of 45S5 and 1393 BAG on the behavior of hMSCs in 3D culture conditions. To implement this, hMSCs were encapsulated in cell-interactive alginate beads via calcium mediated ionic crosslinking. The cells were primarily exposed to the dissolution products of the BAGs in this set-up as well. The metabolic activity of encapsulated cells drastically decreased with increasing 45S5 BAG concentration at all evaluation time points [ Fig. 6(a) ]. In contrast, 1393 BAG did not alter the metabolic activity of the 3D cultured cells as strongly. For instance, at 2.5 w/v % of 45S5 BAG particles, no metabolic activity was detected at days 1 and 7, whereas for the same concentration of 1393 BAG particles, cells exhibited >60% metabolic activity relative to the control. Furthermore, hMSC metabolic activity was significantly higher in the presence of 1393 BAG particles compared with 45S5 BAG particles, especially at higher concentrations (1-2.5 w/v %). At these concentrations, it was apparent that cells cultured on TCP in indirect contact to either of the tested BAGs exhibited a higher metabolic activity than when they were cultured in a 3D hydrogel environment (Supporting Information Fig. S1 ).
Analysis of cell proliferation suggested that cell numbers remained consistent over time in all tested groups, and that this was similar to values obtained for the control samples, indicating that the beads efficiently encapsulated the cells over the time course of the experiment [ Fig. 6(b) ]. The presence of 1393 BAG particles led to a significantly higher metabolic status of encapsulated hMSCs in comparison to 45S5 BAG particles, which showed a negative correlation with increasing BAG concentration [Fig 6(c) ].
Although encapsulated, cells maintained a rounded morphology due to the rigidity of the hydrogel matrix which prevented cell spreading and movement (data not shown). Figure 6(d) shows representative images of alginate beads containing hMSCs stained with calcein AM (green 5 live cells), and propidium iodide (red 5 dead cells). The corresponding quantification of encapsulated cell viability is shown in Figure 6 (e). hMSCs remained highly viable in the presence of up to 0.5 w/v % of 45S5 or 1393 BAG particles. At higher concentrations (1-2.5 w/ v %) of 45S5 BAG particles however, the viability dropped to 20% confirming the large amount of propidium iodide stained cells observed in the hydrogel. However, at similar concentrations of 1393 BAG particles, the cells maintained a viability of at least 70%, confirming the largely green calcein positive stained cells observed during imaging. These results demonstrate that in 3D culture conditions, 45S5 BAG concentrations of >0.5 w/v % are detrimental to cell viability and function, whereas even higher concentrations of 1393 BAG do not cause adverse effects on cell viability or function.
DISCUSSION
In this study, we investigated the effect of micron sized particles of 45S5 and 1393 BAGs and their ionic dissolution products on hMSC behavior. The outcomes revealed that basic cellular functions such as metabolic activity, proliferation, and cell spreading can vary largely depending on the concentration and type of bioactive glass, as well as the mode of interaction between hMSCs and the BAG particles.
The 45S5 BAG used in this study is the BAG originally reported by Hench, 1 which has subsequently been commercialized for bone grafting procedures. 29 From a clinical perspective, synthetic graft materials in the form of particulates and granules are preferred because they can be mixed with biological fluids such as blood and compacted into the quite often irregularly shaped defect sites during implantation. 30 Therefore, most of the bioactive glass based products are marketed as granules in the 90-1000 mm size range. 31 Recent research efforts have involved the incorporation of BAG particles into polymer based composites to exploit the improved bioactivity associated with high surface-to volume-ratios of micron and sub-micron sized particles. 32 BAG granules as well as BAG containing composites not only release cell stimulating ions, but are also likely to break down into smaller micro-and nano-particle debris which can interact with cells present in the local biological milieu. Although a number of studies have highlighted the beneficial effects of bioactive glass dissolution products, often in a conditioned media setting, the influence of particle contact on relevant cells such as MSCs remains unexplored.
Hence, the direct contact setup employed in this study aimed to investigate how hMSC behavior is influenced by the physical interaction with bioactive glass particles. The results demonstrate that basic cellular functions such as metabolic activity, proliferation, and cell spreading were adversely affected by higher concentrations of the BAGs. To decouple the physical and chemical effects of the BAG particles, we used transwell inserts to prevent direct cell-particle interaction but permit cell interaction with BAG dissolution products. In comparison to the direct setup, hMSCs showed much higher metabolic activities and proliferation when physical contact with BAG particles was prevented. Despite the change in interaction mode, the highest concentration of 45S5 BAG particles had a considerable negative influence on hMSC metabolic activity and proliferation. The higher concentrations were included in the study because they are more likely to induce desirable bioactive (hydroxyapatite formation), osteogenic, angiogenic, and anti-microbial effects. 33, 34 Moreover, in a clinical setting, smaller voids and defects are often completely filled with bioactive graft materials, which results in high, local concentrations of the material. Host cell populations from the surrounding tissue (e.g. bone marrow or periosteum) are expected to migrate into the graft material, attach and proliferate to induce a regenerative outcome. 35 That this cell-material interaction may be more complex (physical interaction vs. ionic interaction, low concentration vs. high concentration) is apparent from our results. In agreement with our observations, previously published reports indicate negative effects on cell viability and proliferation in response to high BAG concentrations. 15, 36 Interestingly, we observed that at almost all tested concentrations, 1393 bioactive glass particles showed better effects on hMSC behavior over 45S5 particles. This difference was clearly evident from the morphological analysis of the cultured hMSCs, which showed significantly higher cell spreading in the presence of 1393 BAG particles compared with 45S5 particles. Increased cell spreading with filopodial extensions is indicative of cells probing their surrounding environment, whereas cell rounding and blebbing have been linked to increased cellular stress and a transition to cell death. 37, 38 Based on SEM analysis, the two bioactive glass particles used in this study had a size range of 3-8 mm with narrow size distributions, making it less likely that the differences in hMSC functional behavior between 45S5 versus1393 BAGs was caused by differences in surface roughness or internalization of the particles. 39 It is more probable that the observed effects were caused by the differences in BAG ion release. For instance, despite containing a higher concentration of CaO (24.5 vs. 20%), rapid and significantly higher release of Ca ions was observed from 1393 BAG particles. The highest absolute concentrations were recorded for sodium ions from 45S5 BAG microparticles (2200 ppm over 7 days), which was 3-fold higher than the concentrations recorded from 1393 BAG microparticles (550 ppm over 7 days). The ion release profiles in this study were obtained from experiments conducted in high purity water, and may vary slightly if the study is conducted using culture medium or carried out in vivo. These ion release trends were in agreement with those reported previously in literature for BAG-based scaffolds. 26, 40 Contrary to 45S5 BAG, 1393 BAG is composed of additional K 1 and Mg 21 ions. Previous studies have already reported on the positive effects of magnesium ions on cell viability, proliferation, and spreading. 41 Furthermore, it is well documented that hMSCs express cationic channels on their cell membrane and that K 1 , Na
1
, and Ca 21 channels are involved in cell proliferation, migration and differentiation. 42, 43 The blocking of Na 1 channels, for instance, increases hMSC proliferation, while blocking calciumactivated K 1 channels results in diminished hMSC proliferation. 43 The exact mechanism underlying the regulation of cell proliferation by ion channels remains to be clarified, and is beyond the scope of this study. However, the stark differences in released Ca, Na, and P ions from 1393 and 45S5 BAG particles, together with the potential effects of K and Mg ions from 1393 BAG particles might play a role in promoting more cell proliferation and the better results observed with this type of BAG. Future studies could address this hypothesis by investigating the dose dependent effects of separate ions on MSC behavior and correlating observed effects with ion release profiles from BAG particles. Since cells in vivo are organized in a 3D microenvironment through cell-cell and cell-ECM interactions, it was interesting to investigate the influence of bioactive glass and its dissolution products on 3D cultured hMSCs. To control this 3D environment, hMSCs were encapsulated at high cell densities in an alginate hydrogel functionalized with a well-defined composition of cell interactive integrin binding RGD motifs. The cell encapsulating beads were then co-cultured with BAG microparticles suspended in culture media. Contrary to our initial assumption that the 3D environment would provide an additional protection to the cells, we observed a significant decrease in cell viability at the two highest tested concentrations of both BAGs. In particular, this effect was most pronounced for the 45S5 BAG conditions, where a significant decrease in cell viability and cell metabolic activity was observed even at the lowest tested concentrations. When cell loaded alginate beads were cultured with the two highest tested 45S5 BAG concentrations, cell function (both metabolic activity and proliferation) dropped below 20% compared with the control cultures in non-BAG-supplemented medium. This observed effect was also apparent in the live/dead staining of the entrapped cells, where the majority of the hMSCs stained positive for propidium iodide, a dye to distinguish dead cells.
Alno et al. 44 reported a similar differential effect of 45S5
BAG ionic dissolution products (1 w/v %-400 mm particle size) on the proliferation of human fetal osteoblasts cultured in 2D versus 3D spheroid culture. While they observed an increase in cell viability at 4 and 7 days for TCP cultured cells in contact with BAG conditioned medium, they report a significant decrease in cell viability for 3D cultured cells. 44 In native adult tissues, the microenvironment is characterized by greater cell-matrix interactions than cell-cell interactions. Therefore, spheroid cultures may not be the optimal set up to investigate BAG-cell interactions in 3D. Moreover, multicellular spheroids can have a hypoxic cluster of cells at their core, which may interfere with cell viability and metabolic activity measurements. These potential issues are avoided in the current system where alginate encapsulated MSCs maintain high viability in non-BAG stimulated conditions. A further practical advantage is the relatively convenient retrieval of the cells from their 3D environment for further single cell characterization.
Contrary to the data for the metabolic activity, the cell proliferation data did not show any significant differences between both BAGs at any of the tested concentrations for the encapsulated cells. This was to be expected since the cell proliferation graph represents the total number of encapsulated cells in the beads and the hydrogel matrix surrounding encapsulated cells does not permit cell spreading or multiplication.
In summary, the data presented here demonstrates that basic cellular responses can vary depending on the composition, concentration, and presentation mode of bioactive glass microparticles. Future work should address how the differentiation, paracrine, and immunomodulatory behavior of MSCs could be influenced by exposure to these BAGs. Additionally, a comparative assessment of the ability of these biomaterials to induce in vivo bone formation in an appropriate model of bone injury such as critical size long bone defects would help to validate these in vitro findings.
CONCLUSIONS
Taken together, these results show that compared with mere exposure to ionic release products, physical interaction between bioactive glass particles and primary MSCs can differently alter cell metabolic activity, spreading, and proliferation. Furthermore, the composition, and subsequent release kinetics of various ions from different BAG types such as 45S5 and 1393 may play an important role in stimulating these altered cell behaviors. Our study shows that experimental settings that mimic the interaction of local cells to implanted materials may be more informative: (1) cells may be less tolerant to higher concentrations of certain BAG compositions than others when physical interaction takes place (direct contact vs. indirect contact), and (2) cells in a 3D environment may show an enhanced sensitivity to ionic release products than those cultured on TCP substrates (indirect 2D vs. indirect 3D). These outcomes will likely have important implications for the pre-clinical evaluation of promising bioactive materials.
